Georgia, Hawaii, Kentucky, Louisiana, Massachusetts, North Carolina, Ohio, Oklahoma, Tennessee, and Texas (98) . Our research was initiated in the late 1990s when losses caused by P. capsici threatened the long-term economic survival of producers of susceptible vegetables in Michigan. Annual losses are still experienced on some farms in Michigan with a history of P.
capsici despite the use of an integrated management scheme using raised plant beds, plasticulture, irrigation management, and fungicide applications. The narrow profit margin and reliance on mechanical harvesting by the cucumber processing industry greatly limits options for some of the most effective cultural controls (i.e. raised plant beds). Economic management of fruits with long maturation time may be challenging as fruits are exposed to inoculum for an extended period of time and hence multiple fungicide applications are necessary to protect the fruits. For example, in 2010, a grower experienced ~90% losses in a 32 ha. field of processing squash that was ready for harvest in Mason Co., Michigan (Meyer and Hausbeck, unpublished).
This field was treated with fungicides, but likely after the disease was established. Recent advances in our understanding of the factors that affect pathogen dissemination, disease progress and management efficacy, as well as future research directions to develop durable and effective management techniques for P. capsici will be reviewed.
Wide Host Range
Phytophthora capsici can infect a wide range of hosts under laboratory and greenhouse conditions including cultivated crops, ornamentals, and native plants belonging to diverse plant families (Table 1) (28) . In the field, disease is observed annually on cucurbits and peppers and occasionally on tomatoes, eggplant, and snap and lima beans. Laboratory and greenhouse screens provide high disease pressure by using high concentrations of inoculum, providing ideal environmental conditions, and often using young or wounded plants. These conditions increase the probability of disease occurring and may explain why hosts susceptible in laboratory screens may not show symptoms in the field. In addition, minor damage due to P. capsici may be overlooked or misdiagnosed in uncommon or unreported hosts.
Differences in host susceptibility may be due to differences in virulence and pathogenicity of the local pathogen population, as P. capsici isolates differ in pathogenicity and virulence on different vegetable hosts, and among different cultivars of the same host (e.g. pepper) (12, 63, 87, 95, 100, 102, 115, 131) . In addition, some isolates are highly virulent on certain hosts or plant parts (i.e. fruit vs. roots) and less virulent or avirulent on others (30, 46, 97) .
This water mold is aptly named
Rainfall has been shown to be the most influential environmental factor affecting disease incidence and progress (14) , and both free water and force (i.e. falling rain or flowing water) appear necessary for the detachment and dispersal of sporangia ( Fig. 3A) (42) . Growers and researchers have long recognized that rainfall or excessive irrigation prompts or exacerbates a disease outbreak, and the pattern of disease development typically mirrors the flow of water in the field. Since the pathogen is spread in water, disease may be observed down rows within a field (17) , following the flow of irrigation water and runoff. The microscopic nature of sporangia and zoospores (Fig. 3A, B) makes it difficult to explain to growers the tremendous reproductive potential of this pathogen under saturated conditions. Hundreds of thousands of sporangia may form on a single infected cucumber fruit (Fig. 3E ) (42) , each of which may be dispersed and germinate directly to infect new host tissue or may differentiate to form 20 to 40 biflagellate motile zoospores (Fig. 3B ) when in contact with free water (47) . Swimming zoospores use electro-and chemotactic signals to target plant roots (76, 126) , and each of these zoospores may potentially cause a new infection (Fig. 3C, D) .
The role of wind in disseminating sporangia from infected tissues may be misunderstood by those managing disease caused by P. capsici. For instance, growers in the northern part of Michigan believed that their inoculum was coming from infected crops in the southern part of the state because of the timing of the disease outbreaks (i.e. outbreaks were reported in the southern part of the state first). Epidemiological (42, 113) and genetic studies (73) have shown that aerial dispersal is relatively unimportant for P. capsici. In the 1980s, Schlub (113) conducted an experiment to determine under which conditions sporangia may be dispersed within a bell pepper field experiencing an active epidemic of Phytophthora blight. Aerial sporangial dispersal was observed very rarely, and was either associated with rain, overhead irrigation, or with sporangial dissemination over distances less than 5 cm. Since many growers still misperceived that sporangia could be spread farm-to-farm via the wind, a study was conducted in Michigan in the early 2000s to characterize P. capsici populations from six farms in four different vegetable growing regions in Michigan. The results of that study indicated that P.
capsici persists in Michigan fields as reproductively isolated outcrossing populations suggesting that P. capsici was not being disseminated field-to-field (73) . To further clarify this issue, a laboratory study directly examining the effects of wind and water on P. capsici sporangia was conducted (42) . Simulated wind (5 L/min airflow) did not detach sporangia from host tissue, but sporangia were easily detached and transported in water with capillary force (Fig. 4A to D) .
When atmospheric sporangia were monitored in a field with infected acorn squash and cucumbers, few sporangia were detected even when copious amounts of sporangia were present on infected fruits. Airborne sporangial concentrations were positively associated with rainfall, but not with wind speed or other environmental conditions (42) . While P. capsici is unlikely to be moved field-to-field via the wind, the pathogen may be moved between locations when growers use surface water sources for irrigation (36) or through the movement of infected plant material and infested soil.
Infested irrigation water has been recognized as an important source of inocula for oomycete plant pathogens including P. capsici (36, 108, 128) . It is our opinion that contaminated surface water was a significant contributor to the increase in incidence of infested fields and associated crop losses over the last 20 years in Michigan. P. capsici has been detected in rivers, creeks, ditches, and ponds fed by canals, streams, and surface runoff water in Michigan (Fig.   4E ), Florida, and Georgia (36, 108, 128) . Studies in Michigan (36) and Georgia (128) found that host fruits (cucumber and eggplant, respectively) were more sensitive baits than pears for the detection of P. capsici (Fig. 4F) . In Florida, filtration and baiting with lemon leaves yielded low recovery of P. capsici, but the pathogen could be detected occasionally (108) . Wang (128) found that retrieval of P. capsici from pear and eggplant baits could be improved by inoculating pepper stems with infected bait tissue and isolating the pathogen from the pepper stem as compared to direct isolation from the bait onto agar. Surface water contaminated with P. capsici can be a source of inocula for fields planted to susceptible crops (36) , resulting in nearly uniform crop infection. When a creek used for irrigation on a farm in southwest Michigan was monitored, P. capsici could be detected yearly even after the grower transitioned from cucumber production to the production of potatoes and field crops (99) . The monitoring site was near the source of the creek, upstream of other vegetable farms in the area. Yearly changes were observed in phenotypic traits (mating type and sensitivity to 100 ppm of the fungicide mefenoxam) and genetic structure of populations. Isolates with the same haplotype were detected over multiple years suggesting that the pathogen could be surviving overwinter in irrigation water or infested soil was being washed into the creek from adjacent fields annually.
Shared multilocus haplotypes were also observed for isolates collected from the field and water suggesting that isolates from the field were contributing to populations in the water (via runoff) or that isolates in the water were contributing to populations in the fields (via irrigation) (99) . In Georgia, no more than two genetic groups were detected for a P. capsici population in a single irrigation pond, and no shared genotypes were observed between ponds on different farms when populations were monitored for a single field season (128) . Chlorine (50) and algaecides (43) were effective to treat infested irrigation water in laboratory trials, but have not been tested in the field. Growers of susceptible crops should avoid surface water for irrigation to prevent the introduction of P. capsici to new areas and to prevent the introduction of new strains of P.
capsici that may have increased virulence or decreased fungicide sensitivity to an area with an existing P. capsici problem.
In addition to pathogen dissemination in contaminated surface water via irrigation (47, 54) , fields may become infested with P. capsici via movement of infested soil on equipment, disposal of infected cull fruits onto fields, waste and run-off water, and infected transplants.
Although movement of the pathogen via equipment to a new field or within fields is likely, in Michigan we've observed this mode of dissemination to be less important compared to the dumping of infected culls or the use of contaminated irrigation water. Over several growing seasons, we've observed that when growers, who have one or more P. capsici-infested sites, purchase or rent new parcels that have not hosted vegetables to anyone's knowledge, the first disease symptoms are detected on those parcels in approximately five years. The pathogen is likely introduced through equipment shared with neighboring fields that are infested with P.
capsici. Tilling diseased cull fruit into field soils serves as an effective means of either introducing the pathogen into a previously non-infested site, or increasing the inoculum level.
As mentioned above, infested irrigation water is a very effective means for pathogen dissemination. When a widespread disease outbreak occurred in a vegetable field in southwest
Michigan the first year that vegetables were planted there, irrigation water was suspected as the source of inoculum (36) . In the past, some vegetable processing facilities disposed of waste wash water on fields, which is unadvisable based our current knowledge of P. capsici spore survival and dissemination in water. Depending on drainage patterns, surface water run-off from adjacent farms that are infested with P. capsici may allow for pathogen spread field-to-field and farm-to-farm. With the use of direct field seeding for many cucurbit crops or the use of greenhouse-grown transplants for field establishment, the potential for P. capsici being introduced to a field via transplants is minimized. The threat of introducing P. capsici via transplants was much higher in previous decades when bundles of field-grown, bare-root tomato and pepper transplants would arrive in Michigan and other northern growing regions from the southern US for use in establishing production fields.
Recently, there has been some interest in invertebrates as potential vectors for P. capsici.
While adult shore flies and the larval stage of fungus gnats and shore flies ingested P. capsici sporangia, the sporangia were no longer viable following excretion (56) . Oospores have been observed in the guts of fungal gnat larvae, but the viability of excreted oospores was not determined (47) . Currently, there is no evidence that invertebrates play a role in the spread of P.
capsici within or between fields. However, oospores survived in the guts of both fungus gnats and shore flies, and these insects were able to transmit Pythium aphanidermatum to greenhousegrown cucumber (41, 58) . Future studies may further clarify whether or not invertebrates contribute to P. capsici dissemination within and between fields.
Sexual reproduction and oospores
Sexual reproduction is the primary source of genotypic variation in nature. Since P.
capsici is heterothallic, both mating types (A1 and A2) are required to be in direct contact for oospore production ( (24), and Texas (34) . When oospores are formed, the pathogen is able to survive long-term and overwinter in the soil even in the absence of a susceptible host. A study in Michigan provided evidence that oospores survived a five-year rotation to corn and soybeans to initiate a new epidemic when a susceptible crop was planted again (73) . A study in Florida found that P. capsici survived in soil for at least a year and likely longer (33) , providing evidence to support the assumption that oospores were responsible for year-to-year survival in infested fields.
Oospores are capable of germinating, even in the absence of nutrients, to give rise to mycelia and/or sporangia ( Fig. 3A) (7, 28, 51) . Phytophthora oospore germination is affected by length of dormancy period, nutrition, light, temperature, soil water matric potential, chemical treatments, and treatment with enzymes (13, 51, 101) . Generally, oospores require a dormancy period of at least one month (28,112) before germinating directly or by forming sporangia, the asexual spores responsible for rapid and polycyclic disease development ( Fig. 3 A to E).
Genetic diversity and population dynamics
Variation in colony morphology, sporangial shape and size, pedicle length ( Fig. 5A to C), optimum growth temperature, and sporangial production has been observed within P. capsici (3, 15, 57, 85, 102, 118) . Sporangial shape and size may vary within a single culture of an isolate.
Chlamydospore production is relatively uncommon in P. capsici, but chlamydospores have been observed in liquid culture for some isolates from non-vegetable (15, 85) and vegetable hosts (45, 57) . The morphological characteristics defining P. capsici are inclusive of several closely related species, and molecular studies have defined what constitutes P. capsici sensu stricto and have assisted finding new species (85, 98) . Several phylogenetic studies have focused on better understanding the P. capsici species complex, and new species closely related to P. capsici such as P. tropicalis have been found (3, 24, 85, 88, 89) . Nonetheless, recombination present in genes commonly used for phylogenetic studies as well as small sample sizes that do not truly represent the genetic variation found in P. capsici in nature have somewhat obscured the evolutionary relationship of P. capsici with its sister species.
Population studies have been more successful than phylogenetic studies in understanding the distribution of genetic variation as well as some of the evolutionary forces shaping P. capsici populations (73, 74, 98, 99) . Populations of P. capsici have been previously studied at a local scale within states in the US (32, 73, 121, 128, 131) , and within countries where this pathogen is economically important (80, 115, 118) . Isolates and populations have been analyzed using a wide range of phenotypic and molecular markers. Most recently these include surveys of diversity using randomly amplified polymorphic DNA (RAPD) markers and single nucleotide polymorphism (SNP) markers (40, 131) . Frequently, these studies focused on a particular region and determined that clonal lineages of P. capsici are confined in space to single fields and in time to single years (72, 99) . Nonetheless, recent investigations indicate that the overall genetic diversity of P. capsici at specific sites and across entire regions can vary dramatically. For example, in the US, the population genetic diversity appears to be driven by the sexual stage and the production of oospores as dormant propagules, which is reflected in very high levels of genotypic diversity (40) . This is in contrast to populations in Peru and Argentina where wide sampling over multiple years suggests that clonal lineages are dominant (40, 53) . In Peru, populations at coastal locations had very little diversity and were dominated by a single A2 mating type clonal lineage. In Peru, susceptible hosts are grown year round, and there does not appear to be a strong selection pressure for sexual reproduction and subsequent formation of dormant oospores in the coastal areas sampled as the A1 mating type was not detected in this sampling. There was slightly more diversity for populations in the Amazon high jungle with both mating types present in some fields (53) . Nonetheless, the coastal clonal lineage dominated these sites, too. In Argentina, a single A1 mating type clonal lineage was found at widely separated locations across multiple years. Here crops are not present year round and evolutionary mechanisms driving the survival and spread of this lineage are not clear (40) .
A recent study using hundreds of isolates from worldwide locations and diverse hosts has confirmed the high genetic diversity of P. capsici at a global scale and detected the presence of population structure by geography (Fig. 5D ) and by host (98) . This was in agreement with previous investigations documenting differences in pathogenicity of isolates from cucurbitaceous and solanaceous hosts (102) , and that P. capsici is not wind dispersed, creating geographically isolated subpopulations (42) . Finding genetic stratification in P. capsici populations by geography and host highlight the importance of including isolates from different subpopulations that represent the genetic variation in P. capsici for development of diagnostic tools, fungicides, and host resistance. Management can be tailored to control local populations of P. capsici; nevertheless, this approach requires a detailed knowledge of regional pathogen population structure and distribution. A pathogen like P. capsici with a mixed type of reproduction has a high probability of evolving rapidly and overcoming fungicides or resistant host varieties (83) .
New genotypes are created through recombination that occurs during sexual reproduction and alleles in surviving isolates will be selected for and established by asexual reproduction, which could multiply the number of genotypes with fungicide resistance and increased virulence. It is important to determine the genotype and phenotype (virulence, resistance to fungicides) of strains present in a particular region and prevent the introduction of plant tissue infected with exotic strains. These new strains could be responsible for initiating devastating epidemics by increasing genetic variability, which could include hard-to-control strains.
An additional concern that has not been widely addressed is the possibility of P. capsici to form hybrids in nature with other species. Hybrids between Phytophthora spp. have been produced under laboratory conditions and found to have an expanded host range in comparison to the parental strains that originated them (27) . Population structure analysis of P. capsici, P. tropicalis and isolates closely related to both species revealed some shared polymorphisms between P. capsici and P. tropicalis (98) . The observed shared admixture could be due to ancestral polymorphism or to recent recombination events given that it is possible to obtain interspecific progeny under laboratory conditions when P. capsici and P. tropicalis are crossed (24); Page 11 of 45 however, no hybrids have been characterized from nature. Nonetheless, the finding of a set of isolates that formed a subpopulation clearly differentiated from, but closely related to P. capsici and P. tropicalis isolates (98) , highlights the importance hybridization could have in the evolution of this Phytophthora clade.
Managing P. capsici requires an aggressive and integrated approach
Management of diseases caused P. capsici is expensive and difficult, and growers may be reluctant to adopt practices that require a significant investment. We emphasize to growers in Michigan that monitoring irrigation to prevent over-watering and using a clean water sources is of utmost priority. If a site is infested with P. capsici, a combination of a lengthy crop rotation, soil fumigation, sub-soiling or other tillage methods to increase drainage, using raised (8" or higher) plant beds with black plastic mulch, trickle irrigation using well water, host resistance, frequent fungicide applications targeted at the appropriate susceptible plant site, destruction of infected plants, and early harvest may be necessary to manage the disease (Fig. 6 ). Management schemes should be tailored to fit the production system. For instance, while smaller fruits produced for the fresh market may be trellised to avoid contact with infested soil (1), large fruits that cannot be trellised may be planted into mowed cover crops to reduce splash dispersal of inocula. Cultural modifications of the system are less feasible for fruits produced for the processing market due to a small profit margin and the use of mechanical harvesters (48) .
During periods of high rainfall, crops may be lost despite aggressive management of the disease.
In areas of the US with low annual rainfall, irrigation management may be sufficient to manage the diseases caused by P. capsici.
Crop Rotation. While crop rotation is still recommended as a component of a disease management plan, the efficacy of crop rotation is limited due to the long-term survival of oospores in the soil (14, 33) . Several year crop rotations have not been successful as a standalone tool to manage diseases caused by P. capsici (75) . It appears that oospores can survive and initiate new epidemics in vegetable production fields in Michigan, even when those fields are rotated to a non-susceptible host for five years or more (73) . As new hosts of P. capsici are described, the options available for crop rotation diminish. In the mid-2000s, Phytophthora rot and blight were observed on snap bean ( Fig. 1J and K) in several counties in Michigan (37).
Previous to this, snap beans, dry edible beans, and soybean were grown in rotation with cucurbits in Michigan, but all of these crops were shown to be susceptible under laboratory conditions (37) . Disease on snap beans in commercial production fields in New York (84) and Connecticut (70) were also reported in 2008 and 2009, respectively. Pod rot of lima bean was observed in commercial production fields in Delaware, Maryland, and New Jersey in 2000 (23) and has continued to be a problem in these areas (22) . Fungicide options are limited for snap and lima bean growers and the low profit margin of beans produced for the processing market makes the additional costs associated with fungicide applications unsustainable for many bean growers. In addition, isolates collected from snap (37) and lima (22) beans showed a range of response to the fungicide mefenoxam, one of the few fungicides registered for Phytophthora control on bean, and resistant isolates were characterized. Beans are no longer recommended as a rotational crop to manage diseases caused by P. capsici (37) . Isolates of P. capsici obtained from infected beans were highly virulent to pepper, tomato, zucchini, and cucumber fruits in a laboratory screen (46) . The survival of the pathogen in undescribed hosts may allow the pathogen to persist during crop rotation. In western Michigan, growers began rotating fields that were abandoned for vegetable production due to problems with P. capsici to Fraser fir production for the Christmas tree market. When Fraser fir seedlings were planted in a P. capsici-infested field, most developed disease symptoms (Fig. 2C) , and the pathogen was recovered from root tissue (96) . Hence, while other Phytophthora spp. are currently of more concern for Phytophthora rot of Fraser fir (8), P. capsici may survive in fields rotated from vegetable to Christmas tree production. In addition, P. capsici was occasionally isolated from several weed species retrieved from commercial vegetable fields in Florida (32) and two weed species were susceptible under greenhouse conditions in a study in Illinois (122) , suggesting that weeds may serve as alternate hosts for P. capsici in some regions.
Cultural control. Cultural techniques should focus on limiting soil saturation and water accumulation and movement within a field. Rainfall and excess soil moisture are the most important factors contributing to initial infection and the spread of P. capsici (13, 14, (103) (104) (105) 113, 116) . When heavy rainfall (>2 cm) occurs, severe disease may develop even in welldrained fields as sporangia are dispersed by wind-driven rain (42) and the flow of run-off water may distribute inoculum down rows (47, 107) , especially when raised beds are not used.
Growers are encouraged to plant into well-drained fields; to accomplish this, tillage or drainage system construction may be necessary. Planting into raised beds can prevent soil moisture accumulation at the base of plants (Fig. 6A and B) . Covering raised beds with plastic mulch is desirable to increase yield (48, 106) , reduce weed pressure, and prevent bed wash-out during intense rain events. Raised beds may not be practical for crops produced for the processing market due to a low profit margin and the use of mechanical harvesters (47). To limit water splash in these systems, growers may utilize mowed cover crops on bare soil or straw mulch between rows (47,81,107).
Planting into a mowed wheat cover crop can reduce splashing of P. capsici infested soil onto plant material and was shown to lower disease incidence and pathogen spread as compared to bare soil in a previous study in pepper in N. Carolina (106) . A yield advantage was not observed for peppers planted into wheat stubble, but improved yields were observed for peppers planted into raised beds with polyethylene mulch (106) . Plasticulture was shown to increase disease incidence and pathogen spread in pepper when sporulating fruits were placed on top of the mulch and rainfall occurred. The plastic mulch allowed the pathogen to spread quickly down rows (106) . Similarly, higher yields and larger fruits were obtained from peppers planted into a raised bed with polyethylene plastic mulch than raised beds with surface living and organic mulches even though plant death was greater in polyethylene plots in unreplicated field trials in Florida. When these plots were seeded with butternut squash following the removal of the pepper crop, no differences in yield were observed between treatments (109). For watermelon, no significant differences in disease were observed when planted into plastic-covered raised beds in comparison to bare ground raised beds in a S. Carolina study (69) . Another study in Florida documented that planting into no-till Sunn Hemp or Iron-clay pea debris resulted in a higher incidence of Phytophthora blight of pepper than planting into solarized or fumigated soil in raised beds covered with polyethylene mulch (20) . A reduction in Phytophthora blight of pepper was observed following incorporation of urban plant debris (20) , composted cow manure (62), or mustard or canola (59) , an increase was observed following the incorporation of cotton gin trash (79) , and no obvious benefit or detriment was observed following the incorporation of sewage sludge yard trimmings, wood chips, crab shell waste, or humate (64) . Adding a biocontrol agent such as Trichoderma hamatum (62) or Bacillus (60) to compost may improve disease control.
Compost water extracts showed variable results with some showing negative effects on zoospore germination, germ tube elongation, mycelial growth, and pathogen populations and others showing no activity (111) . Hence, the role of soil amendments and composts in suppressing Phytophthora diseases is still unclear.
Managing irrigation is key to reducing the spread of P. capsici within a field. Traveling overhead irrigation systems that produce larger irrigation droplets may result in fruit being splashed with contaminated soil (81) . Subsurface drip irrigation is generally a better option to lessen diseases caused by P. capsici. In areas of US with low annual rainfall, growers can impact disease severity through irrigation management. In California, it was shown that watering summer squash less frequently (21 days compared to 7 days furrow irrigation) resulted in decreased disease incidence as opposed to watering more frequently. In the absence of disease, there was no yield advantage to more frequent irrigation. They also showed that irrigation can be reduced to a minimum after fruit set and eliminated before harvest with no reduction in yield (17) . In pepper, placing drip irrigation emitters away from the stems of plants reduced Phytophthora crown rot of peppers in California (18), a region that receives little annual rainfall during the time that peppers are grown. A reduced frequency drip irrigation schedule (as needed versus 3 times per week) also reduced Phytophthora crown rot of pepper (103) and P. capsici soil population densities (104) in N. Carolina, a region that receives significant rainfall.
Host resistance. Host resistance is a desirable element in an integrated management scheme due to its ease of use and lack of environmental impact. Susceptibility varies depending on the host type, cultivar, plant part, and environmental conditions. For instance, zucchini and yellow summer squash fruits were more susceptible than melon, watermelon, cucumber, winter squash, and pumpkin fruits in a laboratory screen (2) . Within each fruit type, a wide range of disease response may be observed between susceptible and tolerant cultivars for fruit rot (26, 77) and root and crown rot (30, 97) . Resistance to root and crown rot in pepper are governed by different genetic mechanisms than resistance to fruit rot or foliar blighting (117) . Plant/fruit age also affects susceptibility for pepper plants (65) and cucurbit (2, 35) and pepper fruits (10) .
Generally, disease is more severe on younger/smaller fruits and plants. Wounding has been shown to negate age-related resistance in pepper (10) and pickling cucumber (44) fruits.
Tolerance has been identified in cucumber (35) and pumpkin (77) (Fig. 7A ) and tomato varieties have tolerance to crown rot caused by P. capsici along with good horticultural traits, and are grown in P. capsici-infested fields (31, 97) . However, some growers may be reluctant to use commercial bell pepper cultivars that possess tolerance to P. capsici because of poor fruit shape and a perceived increase in silvering (66) , the separation of the fruit cuticle from the epidermis. Growers may experiment with planting various tolerant pepper cultivars on their farm before they find a cultivar with tolerance to their local P. capsici population. New sources of resistance to P. capsici, and the development of cultivars with good horticultural characteristics are needed for growers to successfully use host resistance.
Because P. capsici populations and physiological races are so diverse, it can be challenging to develop resistant cultivars that hold up to a wide range of isolates (Fig. 7 B to D (87, 127) . Currently, pepper cultivars tolerant to P. capsici perform well in the presence of isolates from some regions, but not with isolates from other regions (30) . Future breeding efforts should focus on developing cultivars that display resistance to a set of isolates that encompass the genetic (98) and virulence (46) diversity within P. capsici. Host resistance screens are affected by the host type and plant part screened, pathogen culture storage conditions, and the environmental conditions during the screening. Isolates that have been repeatedly sub-cultured or in long-term storage for years may be weakly virulent or avirulent (3, 46, 55, 63, 77, 95) .
Inoculating isolates onto host tissue and then re-isolating the pathogen from the host prior to virulence screening may reduce differences in virulence due to repeated sub-culturing of isolates (46) . Cyazofamid has shown some efficacy for P. capsici (69) , but resistant isolates have already been described in both N. Carolina and Georgia (68) .
Plants and fruits may develop tolerance to P. capsici as they mature (2, 35) . Fungicide applications should be directed to protect susceptible plant parts. Foliar fungicide sprays are currently used to protect fruit, crown, stem, and leaf tissue. Cucumber fruits are more susceptible than plants and protecting the fruit, especially the developing fruit (35) , is key.
Fungicides should be applied when pickling cucumber type fruit are 2.5, 5, and 7.5 cm long. In addition, fungicides should be applied preventively and just prior to and immediately after rain events. Crown rot is more common than foliar blighting and fruit rot for pepper in the northeastern US. For control of crown and root rot, crown-directed applications, drip application (Fig. 6C) , and drenches (31, 82) of fungicides improve disease control as compared to foliar applications (Fig. 6D) . However, only fluopicolide is currently labeled for application to the soil through the drip irrigation system (Fig. 6C) . Fortunately, populations of P. capsici with resistance to this fungicide have not been reported, although isolates from Michigan appear to be less sensitive than isolates from the southeastern US (61) . Fungicides may also be applied to seeds to limit pre-and post-emergence damping off (5) . Recently, red thyme, oregano, and palmarosa essential oils have shown efficacy to protect zucchini fruits and plants against infection by P. capsici (9) , but the role of essential oils for management of disease in the field has not been elucidated.
In severely infested fields and in fields where only foliar fungicide applications are planned, fumigation can effectively reduce inoculum in the soil and subsequently decrease crown and root rot ( Fig. 6D and E) . Most fumigants are effective against P. capsici if applied when ideal conditions of soil temperature and moisture are maintained during fumigation. Fumigants should be applied to well-aerated soil at 50-80% field moisture capacity that is at a moderate temperature. Fall fumigation is recommended for the northeastern US because of moderate soil temperatures. Products containing DMDS, metam sodium, metam potassium, 1,3-dichloropropene/chloropicrin, idomethane/chloropicrin, and chloropicrin have been proven effective for disease control in Michigan without crop injury. Fumigants may be applied via injection into the soil or through the drip irrigation system (49) . All fumigants need to be sealed in the soil using either a plastic film or a mechanical soil seal for the labeled amount of time and allowed to dissipate before planting to avoid crop injury. In Florida, soil solarization was shown to be as effective as methyl bromide for to reduce P. capsici populations in the top 10 cm of the soil, but was not effective to 25 cm (21). The soil biofumigant Muscodor albus showed some promise in reducing disease when used in conjunction with tolerant host varieties in greenhouse studies. However, no benefit was observed when it was used in combination with a highly susceptible host (19) . Future studies testing this and other soil fumigation alternatives in fields infested with P. capsici may clarify when biocontrol agents may play a useful role in disease management.
Post-harvest rot. Fruits that look healthy at harvest may rot during post-harvest storage and transport (47) as P. capsici may have a latent period of ~2 days before symptom expression (44) . Post-harvest rot is favored by warm (~25°C optimum) and moist conditions (44) and it is recommended that fruits are transported and stored at ~15°C following harvest. Wounding has been shown to increase symptom severity in pepper (10) and cucumber fruits (44) . Thus, careful handling of fruits may also decrease the possibility of post-harvest rot. It has been suggested that washing pits for cucumbers could be a source of inocula post-harvest (43) . If wash pits are found to be a source of inocula post-harvest, treatment of this water might be warranted.
Future prospects. The occurrence of P. capsici in many vegetable-growing regions in the US has prompted recent research on various aspects of the basic biology of P. capsici.
However, additional research is needed to further clarify the taxonomy, variations in virulence and pathogenicity among physiological races, and the pathogenicity determinants of the pathogen that underlie the interactions of P. capsici with its hosts. A better understanding of each of these components will ultimately facilitate the development of durable host resistance and new fungicides that reduce the risk of growing crops susceptible to P. capsici. P. capsici is emerging as an oomycete model species due to its fast growth habit, ability to produce abundant asexual spores that can be easily transformed (52) , and its heterothallic nature that allows for in vitro crosses for genetic studies (71) . Transformation of P. capsici has proven useful for investigating the genetic components important for translocation of oomycete avirulence factors into host cells (114) . Recently a high-quality reference draft genome has been developed for P. capsici (Phyca11 publicly available at: http://genome.jgi-psf.org/) using a hybrid strategy that combined Sanger, 454 and Illumina sequencing. In addition to the reference genome, single nucleotide polymorphism (SNP) resources are being developed using field isolates, a P. tropicalis isolate recovered from a nursery in Tennessee, and the progeny from a cross between field isolates from Michigan and Tennessee. A focused re-sequencing approach known as restriction site associated DNA (RAD) sequencing was used to identify more than 20,000 SNP markers showing normal Mendelian inheritance across approximately 500Kbp of Page 21 of 45 the P. capsici genome. Subsets of these markers were used to generate a dense molecular map and will be an important resource for association analysis to study traits such as pathogenicity, virulence and fungicide resistance. The genome sequencing project has confirmed that P. capsici isolates carry tremendous genetic variation in the form of SNPs that can occur as frequently as 1 every 40 bp (Lamour, unpublished results) . Overall, the genetic and genomic toolbox for P. capsici is growing rapidly providing an exciting platform to investigate many aspects of oomycete biology. P. capsici is also an ideal model system for students to learn the basic principles of phytopathology due to its ease of recovery from infected plant materials, diversity of spore types, wide host range, and economic importance for states with significant vegetable production. 
